Introduction
Superstring theory is a unique candidate for the unification of gravity with the gauge interactions. As unified theories of the gauge interactions, superstring theories predict that the gauge coupling unification scale is at O(10 18 GeV) [1] .
On the other hand, recent precision LEP data for sin 2 θ W and α s , indicates that the unification scale of the minimal supersymmetric standard model is at O(10 16
GeV) [2] . Thus, two orders of magnitude separate the superstring unification scale and the successful unification scale of SUSY GUTS.
This problem is one of the challenges facing superstring theory. It does not seem to be possible to resolve this problem by invoking uncertainties in the low energy inputs, uncertainties in the large extrapolation due to higher loop effects or by inclusion of the effect of Yukawa couplings on the renormalization group equations. Several solutions have been contemplated to resolve this problem . In
Ref. [3] the effects of string threshold corrections were examined in detail. From the results we may conclude that string threshold corrections are not likely to resolve the problem. In Ref. [4] possible extensions of the spectrum of the minimal supersymmetric standard model were speculated in the context of superstring GUT models.
An attractive alternative to superstring models which are based on intermediate GUT models is to derive the Standard Model directly from the superstring [5, 6, 7, 8, 9] . In these models the gauge couplings of the Standard Model must unify at the superstring unification scale. Among the superstring models, there is a unique class of standard-like models [7, 8, 9 ] with the following properties:
1. Three and only three generations of chiral fermions.
3. There are enough scalar doublets and singlets to break the symmetry in a realistic way and to generate realistic fermion mass hierarchy [8,9].
4. Proton decay from dimension four and dimension five operators is suppressed due to gauged U(1) symmetries [9].
5. These models explain the top-bottom mass hierarchy. At the trilinear level of the superpotential, only the top quark gets a non-vanishing mass term. The mass terms for the bottom quark and for the lighter quarks and leptons are obtained from non-renormalizable terms. Thus, only the top quark mass is characterized by the electroweak scale and the masses of the lighter quarks and leptons are naturally suppressed [8, 14] . The top-bottom mass hierarchy is correlated with the requirement of a supersymmetric vacuum at the Planck scale [7, 8, 9] .
In this paper I address the question of gauge coupling unification in the superstring derived standard-like models. A generic feature of these models is the appearance of additional color triplets, (D,D), and electroweak doublets (ℓ,l), in vector-like representations, beyond the minimal standard supersymmetric model.
I show that gauge coupling unification at O(10 18 )GeV can be consistent with LEP precision data for sin 2 θ W and α s , provided that the additional states are found at the appropriate scales. I construct a specific standard-like model which can realize superstring gauge coupling unification.
The superstring model
The superstring standard-like models are derived in the free fermionic formulation [12] . In this formulation all the degrees of freedom needed to cancel the conset of boundary condition vectors, which satisfies the modular invariance constraints. The basis vectors, b k , span a finite additive group Ξ = k n k b k where (a = 1, 2, 3) andȳ 3ȳ6 ,ȳ 1ω5 ,ω 2ω4 respectively (I define
The vectors α, β break the SO(10) symmetry to SO(6) × SO(4) and the hidden group from E 8 to SO(16). (a) The b 1,2,3 sectors produce three SO(10) chiral generations.
where
with charges under the six horizontal U(1)s.
From the sector b 1 we obtain
,0,0,
,0,0, ,0,0, . Therefore, the anomalous combination is given by:
The two orthogonal combinations are not unique. Different choices are related by orthogonal transformations. One choice is given by: 
where a common normalization constant √ 2g is assumed.
The "anomalous" U (1) A is broken by the Dine-Seiberg-Witten mechanism [11] in which a potentially large Fayet-Illiopolus D-term is generated by the VEV of the dilaton field. Such a D-term would, in general, break supersymmetry and destabilize the string vacuum, unless there is a direction in the scalar potential 
Gauge Coupling Unification
In this section I show that superstring gauge coupling unification can be realized in the standard-like model, provided that the additional color triplets and electroweak doublets exist at the appropriate scales. The one-loop gauge couplings beta functions are given by
and t = lnµ is the energy scale.
where n G = 3 is the number of generations and n h = 2 is the number of Higgs doublets.
2. For the additional color triplets and electroweak doublets
The renormalization group equations are integrated from the Z mass M Z to the unification scale. In the presence of various mass thresholds, M I (I = 1, · · · , n), the one-loop gauge couplings are given by [15] α −1
where b iI , i = 1, 2, 3 are the contribution of the new thresholds to the beta functions.
I take the following values at the Z scale
Using the relations sin
The unification scale is defined as the scale at which the gauge couplings are equal
In the minimal supersymmetric model a unification scale at O(10 16 GeV ) is consistent with LEP precision data. In the superstring standard-like models the unification scale is pushed to
provided, for example, that the exotic color triplets and electroweak doublets masses are
and
Clearly other possibilities for the masses of the additional states do exist, this being just a particular example which realizes superstring gauge coupling unification.
Conclusions
In this paper I have shown that in a class of superstring derived standard-like models, string gauge coupling unification can be consistent with precision LEP 
